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ABSTRACT 
Mahmoud Shobair: Structure-function determinants of the allosteric activation of the epithelial 
sodium channel 
(Under the direction of Nikolay V. Dokholyan) 
 
Sodium absorption in epithelial cells is rate-limited by the epithelial sodium channel 
(ENaC) activity in lung, kidney and the distal colon. Pathophysiological conditions, such as 
cystic fibrosis and Liddle syndrome, result from water-electrolyte imbalance partly due to 
malfunction of ENaC regulation. In the ENaC/Degenerin ion channel family, a multi-domain 
extracellular region acts as an environmental sensor that allosterically controls the open 
probability of the ion channels. The structural mechanisms that mediate the propagation of 
activation signals through these sensing domains are poorly understood. Proteolytic cleavage in 
the finger domains of the α- and the γ-subunits results in dynamical perturbations in the 
extracellular region, which propagate to the channel gate. The extracellular residues and the 
allosteric pathways that propagate the proteolysis-triggered fluctuations to the transmembrane 
domains are unknown. The molecular mechanisms of pathologically implicated mutations in 
ENaC subunits α, β and γ are largely unknown due to lack of quaternary structure of ENaC. To 
identify the structure-function determinants that mediate the allosteric activation of ENaC, we 
have generated a computational model of ENaC heterotetramer α1βα2γ. Our experimentally 
validated model correctly accounted for ENaC activation by a disease-causing mutation in 
αENaC. Our simulations of ENaC heterotetramer α1βα2γ in the cleaved and the uncleaved states 
have uncovered structural pathways in αENaC that are responsible for ENaC proteolytic 
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activation. We found that chemical modifications of residues in the palm domain of αENaC 
inhibit ENaC basal activity and slow down the kinetics of proteolytic activation. By using this 
model, we show that the disease-causing mutation αW493R rewires the structural dynamics at 
the intersubunit interfaces α1β and α2γ. We demonstrate that the proteolytic cleavage of the γ-
subunit, which is critical for full channel activation, does not mediate activation of ENaC by 
αW493R. Our molecular dynamics simulations led us to identify a channel-activating 
electrostatic interaction at the α2γ interface. We combined molecular dynamics simulations, 
network analysis, chemical modifications of engineered cysteines with two-electrode voltage-
clamp electrophysiology recordings to arrive at novel mechanistic models of the allosteric 
activation of ENaC in normal and diseased states. Our integrated computational and 
experimental approach advances our understanding of structure, dynamics, and function of 
ENaC. 
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CHAPTER 1: INTRODUCTION 
 
 The epithelial sodium channel (ENaC) regulates sodium absorption in epithelia to 
maintain proper water-electrolyte balance. Epithelia in the lung, kidney and the distal colon 
express the genes required to encode for ENaC subunits α, β, and γ (1,2). Functional ENaC 
complexes are formed upon the assembly of the subunits in the endoplasmic reticulum (ER) (3). 
Upon proper processing through trafficking pathways, functional ENaC complexes reach the cell 
membrane of epithelia (4). The biophysical properties of ENaC on the cell surface are regulated 
by many post-translational modifications, including limited proteolysis, glycosylation, 
phosphorylation, palmitoylation, and many others (5-10). In addition, a multitude of cellular 
effectors can modulate ENaC function through signaling messengers or by direct binding to 
ENaC subunits (9,11-16). Two main biophysical parameters determine the electrophysiological 
activity of ENaC: the number of fully mature ENaC complexes (N), and the average open 
probability (P0) (1,8,9,15). This study focuses on the molecular determinants that regulate the 
latter, P0. We combine computational and experimental techniques to build structural models 
describing how ENaC is activated in the healthy and diseased states. 
 Due to its essential physiological role in maintaining fluid balance and cell volume, 
ENaC is implicated in many electrolyte disorders such as cystic fibrosis (CF) and hypertension-
related diseases (1,17,18). In the diseased states, changes in ENaC function occur either due to 
the absence of regulating factors or due to mutations in ENaC subunits (1,15,19). For example, 
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ENaC is linked to the CF etiology because the cystic fibrosis conductance regulator (CFTR), 
which normally downregulates ENaC function, is not functional in CF patients (18-25). While 
ENaC regulates sodium and fluid absorption, CFTR exports chloride from the inside of the cell 
to the extracellular milieu and consequently facilitates fluid and mucus excretion (26). The fine 
balance between CFTR and ENaC activities determines how hydrated and mobile the mucosal 
layer is on the epithelium’s extracellular surface (26,27). According to the airway surface liquid 
model (ASL), the lack of fluidity in the dehydrated mucus in CF epithelia is a major contributor 
to the accumulation of microbes in the lung and harboring deadly infections (26). Therefore, 
inhalable ENaC blockers have been used in clinical trials to correct for the pathophysiology that 
is partly mediated by ENaC hyperactivity (28,29). 
  
 
 
 
 
 
 
 
 
 
Figure 1.1. Physiological role of ENaC in water-electrolyte homeostasis. A comparative 
schematic to illustrate the electrophysiological function of ENaC hyperabsorption in the Airway 
Surface Liquid model in lung disorders such as cystic fibrosis. Sodium hyperabsorption causes  
dehydration of the extracellular epithelial surface. Slowly circulated mucus is colored yellow. 
Altered electrochemical gradients in the diseased states are bolded red, and blue for sodium and 
water respectively. Sodium ions are colored black, and water molecules are colored blue. 
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Missense mutations in genes encoding for ENaC subunits can directly cause electrolyte 
disorders (1,18,19,25,30). Liddle’s syndrome is a hypertension disease that is caused by 
missense mutations in a cytoplasmic domain of ENaC subunits, which is responsible for 
regulating ENaC degradation and the number of ENaC complexes on the cell surface (31).  
ENaC blockers can treat patients diagnosed with Liddle’s syndrome, so that the pathological and 
excessive resorption of sodium and water is reduced to normal levels. The rapidly growing 
developments in next-generation-sequencing (NGS) have been instrumental in the discovery of 
the genetic variations in ENaC-encoding genes (32). For example, the GenSalt study, aimed to 
identify genotypic variations amongst cohorts with familial history of hypertension disorders, has 
provided physicians and basic scientists with a plethora of genotype-phenotype associations (33). 
However, in order to understand the impact of the genotypic variations in ENaC genes on ENaC 
function, an interdisciplinary approach is needed to uncover the molecular determinants that can 
be pharmacologically targeted.  
What is the impact of disease-linked mutations in ENaC subunits on the structural and 
functional properties of the channel? To answer this question, this study combines 
computational, biochemical and electrophysiology techniques to arrive at testable structural 
models that can expand our understanding of ENaC structure-function. The limited structural 
knowledge about ENaC subunits and their assembled functional complexes hinders the 
mechanistic understanding of ENaC function in the healthy and diseased states. The 
crystallization of ENaC homolog, the chicken acid sensing ion channel (cASIC), has revealed the 
general structural topology of the subunits in the ENaC/Degenerin ion channel super family (34-
37). Although cASIC has been crystalized as a trimer, many functional studies have challenged 
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the assumption that the physiological state of ASIC is only trimeric. Previous studies have 
indicated that the subunit stoichiometry of ASIC, ENaC and other members in the 
ENaC/Degenerin family can vary according to the subunit composition (38,39). Previously, 
homology models of ENaC subunits have been generated based on the x-ray structure of ASIC 
(PDB ID: 2QTS) (13). Only the trimeric state has been the structural platform for many 
investigators to study the structure-function determinants that facilitate ENaC function. 
However, ENaC has been shown to exist either as a trimer or as a tetramer (38,40). Moreover, 
previous studies suggest that a dynamic equilibrium between the two oligomeric states may 
regulate and diversify ENaC function (41). 
 To interrogate what structural determinants mediate ENaC function, we build structural 
models of ENaC guided by experimental and computational data, and we further test our models 
reiteratively to converge at mechanistic models that can relate structure to function. Previously, 
Kota et al has constructed a trimeric model of ENaC (41). In this study, we simulate the 
dynamics of ENaC as a tetramer. We computationally model the impact of a bronchiectasis-
causing mutation on the dynamics of heterotetrameric ENaC complex. Moreover, we investigate 
the structural dynamics of activation of ENaC by proteolysis. We experimentally test and 
validate the hypotheses generated from the computational predictions. The interdisciplinary 
approach proposed here aims to advance our structural understanding of ENaC activation in the 
healthy and the diseased states. The proposed models are platforms for further investigations of 
the molecular determinants that are altered in the diseased states, which are caused by mutations 
in ENaC genes.  
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CHAPTER 2: STRUCTURAL MODELING OF ENAC HETEROTETRAMER AND ITS 
ACTIVATION BY THE DISEASE-CAUSING MUTATION αW493R 
Introduction 
In the ENaC/Degenerin family, only the acid-sensing ion channel (ASIC) has been 
crystalized as a homotrimer in different biophysical states, i.e. pH- and toxin-stimulated (14 –
16). However, functional data show heteromeric assembly of different ASIC subunits. ASICs 
can exhibit alternative cation permeation functionality by heteromeric assembly of ASIC2a and 
ASIC2b subunits (17). Although ASIC and ENaC subunits can assemble to form hybrid channels 
(18), fully functional ENaC oligomers can form only by the assembly of the α-, β-, and γ-
subunits. However, channels composed of only α, α and β, or α and γ can still conduct sodium 
(12). Recently, α-like subunits, δ and ε, have been discovered; however, their physiological roles 
have not been characterized fully (19, 20). Functional data obtained in Xenopus oocytes support 
an oligomeric model of ENaC in which one β-, one γ-, and two α-subunits line the pore (21). 
Moreover, biochemical analysis of epithelial tissues isolated from rabbit colon and cultured 
kidney cells indicates a heterotetrameric stoichiometry (22). In contrast, atomic force microscopy 
studies suggest a heterotrimeric architecture of ENaC (23). Consequently, the stoichiometries of 
physiologically relevant ENaC oligomers remain uncertain.
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These conflicting findings raise the following question. How reliable are classical structure 
determination techniques in identifying physiologically relevant molecular species? We have 
combined computational modeling, cysteine cross-linking, and electrophysiology experiments to 
derive structural evidence for tetrameric ENaC with configuration α1βα2γ.  
 
Methods 
Modeling and simulation of ENaC tetramer α1βα2γ 
Previously, we built a homology model of the rat ENaC γ-subunit based on the crystal 
coordinates of a homolog of ENaC, chicken acid-sensing ion channel cASIC (1, 26). We used 
the same homology-based approach to construct structural models of the α- and β-subunits. We 
used our in-house suite MEDUSA for threading ENaC subunit sequences on ASIC structure (27, 
28). Alignments of ASIC and ENaC subunits indicated non-homologous insertions and deletions. 
We used MODELLER to model non-homologous sequences as loops (29). These fragments 
were then ligated into the homology models designed by MEDUSA and minimized by short 
discrete molecular dynamics simulations (DMD) (30 –33). Briefly, DMD is an event-driven 
sampling engine that is faster than traditional molecular dynamics under conditions that do not 
rely on specific solute-solvent interactions. DMD has been successfully used to probe protein 
dynamics and design molecular switches (34 –36). 
 Because of the lack of a tetrameric template in the ENaC/ Degenerin family, we 
employed symmetric docking using the docking program SymmDock to construct possible 
tetrameric interfaces of the tetramer α1βα2γ (37). First, we built a homo-tetrameric model of the α 
-subunit. Using this homotetramer, we performed structural alignments of the homology models 
for the β- and γ-subunits according to the configuration α1βα2γ. Finally, we used DMD to 
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minimize and relax the model for production run simulations. SymmDock samples the homo-
oligomeric configurational space with symmetry Cn from a single monomer using a rigid body 
docking algorithm with symmetric constraints (37). SymmDock utilizes geometric 
complementarity of molecular surfaces to symmetrically dock atomic patches. Similar to most 
docking protocols, the algorithm consists of three stages as follows: molecular representation, 
patch matching, and model clustering and filtering. Models of oligomeric interfaces are grouped 
into clusters by two geometric metrics: the direction of axis of symmetry and the projection of 
center of mass of the asymmetric unit on the axis of symmetry. Clusters are then ranked 
according to the number of patch-matching pairs pointing to the same axis of symmetry. From 
the top 100 models ranked by SymmDock’s score, one model formed interfaces that correctly 
arranged the extended conformations of the selectivity filter sequences αGSS, βGGS, and γSCS 
in a rhombus-like architecture. One drawback of SymmDock is the lack of a post-docking 
refinement step, which relieves the docked model from steric clashes and re-optimizes side chain 
geometric complementarity. Therefore, we utilized our in-house developed computational 
protocols of short DMD simulations for structural refinement. The DMD minimization protocol 
is publicly available on our Chiron server (38). Chiron can eliminate infinite energy atomic 
interactions that resemble nonphysical van der Waals volume overlap. Chiron uses a series of 
short discrete molecular dynamics simulations to overcome interatomic clashes. Briefly, Chiron 
minimization protocol utilizes a high heat exchange rate r 0.2 fs 1 with the thermodynamic bath, 
which is briefly set to be at a high temperature T = 0.5 DMD reduced unit, 250 °C (27). By 
rapidly equilibrating the system at a high thermal energy, Chiron quenches infinite energy 
interactions. 
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DMD protocols for α1βα2γ minimization and production run simulations 
Atomic clashes can be difficult to resolve, especially in hetero-oligomeric complexes, 
due to the variability in molecular surface complementarity at heteromeric inter-faces. In this 
study, we found that adding a hard harmonic potential with force constant k 1 kcal mol-1Å-2 to all 
backbone atoms helps in equilibrating the system. Because there are four different interfaces in 
the heterotetramer α1βα2γ, additional refinement steps were needed to resolve all steric clashes. 
First, we conducted a brief packing simulation, 1000 DMD time steps, at heat exchange rate 100 
fs-1 and temperature 0.1, while keeping the backbone rigid by defining infinite mass to back-bone 
atoms. Following packing, we utilized a combination of relaxation steps similar to steepest 
descent protocols. Keeping the temperature at 0.1, we assigned a harmonic potential of 5 kcal 
mol-1Å-2 to the Cα atoms. Then, we increased the temperature to 0.3 and equilibrated the system 
by decreasing the heat exchange coefficient to 0.1 fs-1. Finally, we performed relaxation under 
unconstrained conditions. The system is ready for production run after minimizing its energy to a 
stable state. We used our in-house suite MEDUSA to substitute in our relaxed model Trp-493 for 
Arg-493 in the human a-subunit sequence (39). To simulate the structural dynamics of the con-
structed and minimized heterotetramer in wild type and mutant states, we assigned soft harmonic 
constraints to all backbone atoms of the two transmembrane domains (TM1 and TM2) in all 
subunits to mimic protein-lipid interactions. The applied harmonic potential had a force constant 
of 0.1 kcal mol-1Å-2. This parameter allowed the transmembrane backbone atoms to sample more 
confined configurations than the sampled conformations of the solvent-exposed extracellular 
domains. 
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Molecular Biology and Biochemistry 
Full-length cDNAs of hENaC subunits were cloned from pcDNA plasmids into the pSDE 
vector for cRNA synthesis and electrophysiology recording of ENaC constructs. We used site-
directed mutagenesis to create αW493R, αW493C, βQ303A/βE304A/βD305A, γE348R, γE348C, 
and γR135Q/ γK136Q/ γR137Q/ γR138Q constructs from linearized plasmids. cRNA was 
synthesized using constructs from linearized plasmids. cRNA was synthesized using constructs 
from linearized plasmids. cRNA was synthesized using SP6 RNA polymerase (mMessage 
mMachine, Ambion, Austin, TX). The γ-subunits were HA-tagged at their N-termini to detect 
proteolytic fragments using anti-HA antibody (Covance) and immunoblotting of oocyte lysates. 
For surface biotinylation and cysteine cross-linking, groups of 80 –120 oocytes were 
coinjected with cRNA encoding WT or mutant ENaC subunits α, β, and γ and incubated 
overnight in modified Barth’s solution (MBS), 85 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 
mM  MgSO4, 0.41 mM  CaCl2, 0.33 mM Ca(NO3)2, 16.3 mM Hepes, and 10 mM amiloride at pH 
7.4. 24 h after microinjection, oocytes were washed three times in MBS, followed by an 
incubation for 2 min at room temperature either in MBS only or in MBS containing the 
methanethiosulfonate cross-linker 1,2-ethanediyl bismethanethiosulfonate (M2M 5.2 Å, Toronto 
Research Chemicals) at 200 mM. Oocytes were washed three times, chilled on ice for 10 min, 
and then washed three times with MBS (pH 8.3) before biotinylation. Each group of oocytes was 
biotinylated for an hour with 1 mg/ml sulfo-NHS-biotin in MBS (pH 8.3), while gently tumbling 
at 4 °C. After biotinylation, oocytes were washed three times. Oocytes were lysed in 20 mM 
Tris, 50 mM NaCl, 50 mM NaF, 10 mM β-glycerophosphate, 5 mM Na2P2O7, 1 mM EDTA at 
pH 7.4 containing protease inhibitors (Complete, Roche Applied Science). Oocytes were lysed 
by passing them twice through a 27 ½ gauge needle. Cell lysates were centrifuged at 4 °C at 
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3200 rpm to separate supernatants from cell pigments and debris. Supernatants were then 
collected and transferred into new tubes and centrifuged at 4 °C at 14,000 rpm to pellet 
membrane fractions. Membrane fractions were then solubilized in 50 mM Tris, 100 mM NaCl, 
1% Triton X-100, 1% Nonidet P-40, 0.2% SDS, 0.1% sodium deoxycholate, 20 mM NaF, 10 
mM Na4P2O7, 10 mM EDTA, and protease inhibitor mixture at pH 7.5. Solubilized membrane 
fractions were incubated overnight with 100 ml of prewashed neutravidin beads (Pierce), while 
gently tumbling at 4 °C. Samples were washed twice with 500 mM NaCl, 50 mM Tris at pH 7.5, 
and once with 150 mM NaCl, 50 mM Tris at pH 7.5. Samples were then incubated at 96 °C for 5 
min and separated by SDS-PAGE in a 7.5% acrylamide gel. Samples were transferred to a 
nitrocellulose membrane, which was then probed with the anti-αENaC mAb UNC1 19.2.1 
recognizing an N-terminal epitope of human αENaC that was produced by the University of 
North Carolina Immunology Core Facility (40). Bands of anti-αENaC were detected by applying 
IRDye 680-conjugated goat anti-mouse IgG (Invitrogen) or IRDye 800- conjugate goat anti-
rabbit IgG (Rockland Immunochemicals) and imaged using an Odyssey infrared imaging system 
(LI-COR Biosciences). 
Two-electrode voltage-clamp electrophysiological recordings 
 
Recordings of amiloride-sensitive sodium currents were measured as described (26). 
Harvested oocytes were maintained in MBS, 85 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 
mM MgSO4, 0.41 mM CaCl2, 0.33 clamped at  -100 mV. Currents were digitized and recorded 
using a Digidata 1200 A/D converter (Axon Instruments) and AxoScope software. Recorded 
traces were analyzed using the pCLAMP software. Recordings were initiated in the presence of 
10 mM amiloride. Following amiloride wash, basal currents were recorded in frog Ringer’s 
solution, 2.5 mM KCl, 2.5 mM CaCl2, 120 mM NaCl, and 10 mM Hepes at pH 7.35, to obtain 
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INa. Results are from 5 to 6 oocytes per experimental group, repeated in 2– 4 separate batches of 
oocytes. 
 
Results 
Quaternary architecture of ENaC tetramer α1βα2γ. 
In our α1βα2γ model, ENaC subunits are symmetrically arranged around the channel pore 
axis (Fig. 2.1b). Each subunit forms contacts at intersubunit interfaces that stabilize the complex 
by inter-residue interactions. Although, the different subunits share a common topology of highly 
conserved domains, such as the palm and β-ball domains in the core of each subunit, slight 
differences in sequence result in unique intersubunit interfaces (Fig 2.7). Intersubunit contacts 
span the transmembrane domains in addition to extracellular domains, such as the knuckle-
knuckle, knuckle-finger interdomain interactions. Most stabilizing intrasubunit contacts occur in 
the core region, with the largest surface area spanning the palm and β-ball domains (Fig. 2.7). 
ENaC subunits assemble by forming critical intersubunit interactions. These contacts include 
knuckle-finger and finger-finger interdomain interactions. The insertion of a second α-subunit 
changes the intersubunit angle from 120° in the crystallized trimeric configuration of cASIC to 
90° in the tetramer model. Consequently, the modes of assembly of the pore-lining domains, 
TM1 and TM2, are slightly different between the trimeric and tetrameric configurations. 
Therefore, the conductive pore of ENaC can adopt somewhat different structures depending on 
the oligomeric state of the channel. In contrast, both oligomeric states result in a selectivity filter 
with a comparable constriction size of 4 Å (Fig. 2.1a). Similar to other multisubunit ion 
channels, the biophysical features of the heterotetramer’s pore are determined by the geometric 
complementarity between subunits as the complex assembles from its monomers. Consequently, 
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the pore contains fenestrations in the extracellular region occupied by water, ions, and small 
molecules such as amiloride or benzamil that can block the pore. Conversely, constrictions in the 
channel are formed by unique intersubunit contacts, such as the interfaces formed by the knuckle 
domains, where the site of the disease-causing mutation αW493R resides (Fig. 2.1a). 
Substitutions of this tryptophan to arginine, lysine, cysteine, or glutamic acid activate the channel 
(8). Therefore, the structural organization created by intersubunit interactions can play key 
functional roles in activating ENaC or stabilizing closed states of the channel. Finally, the gate 
and the selectivity filter of the channel form the narrowest region along the pore (Fig. 2.1a). Our 
structural model of ENaC heterotetramer agrees with previously published cross-linking data 
(41). At the α2β interface, αLys-477 is in close proximity to cross-link with βV85. Similarly, at 
the α2γ interface, αLeu-120 can cross-link with γGlu-455 (Fig. 2.9). 
 
Asymmetry in R493’s dynamics in the knuckle domains of the α1- and α2-subunits 
 
To investigate the effect of the gain-of-function mutation αW493R on the structural 
dynamics of ENaC, we performed DMD simulations of ENaC tetramer α1βα2γ. From our 
simulations, we predicted key inter-residue interactions. We tested these predictions by site-
directed mutagenesis and electrophysiology recordings of oocytes. In our model, ENaC subunits 
are arranged in α1βα2γ clockwise order such that α1 complements β and β complements α2.  
Therefore, this model defines interactions by W493 in each α-subunit to be physiochemically 
distinct. Our homology model for the α-subunit derived from the cASIC crystal structure 
positions the W493 rotamer in a pocket inside the knuckle domain cavity, which is geometrically 
constrained or stabilized by two phenylalanine residues F280 and F503 (Fig. 2.2). Substituting 
W493 with an arginine reveals inter-residue interactions that can be either polar through H- 
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Figure 2.1. Heterotetramer  α1βα2γ model of ENaC. A, left, side view, surface-rendering 
representation of intersubunit topology. Right, pore geometry ofhe channel calculated by HOLE 
(60). Constrictions along the pore axis are labeled at Trp-493, an extracellular site of gain-of-
function, and the selectivity filter (SF) in the transmembrane helical bundle. Extracellular vestibule 
along the pore spans the widest region in the channel. B, left, top view, extracellular surface of 
intersubunit interfaces. The trypsin cleavage site is colored black and labeled RKRK on the g-
subunit. Right, bottom view, schematic representation of the helical bundle formed by the 
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transmembrane domain TM2 based on the open state of cASIC (Protein Data Bank code 4NTY). The 
selectivity filter residues aGSS, bGGS, and gSCS are labeled on the structure and shown as sticks. A 
serine quartet surrounds a hypothetical sodium ion on the channel pore axis. 
bonding by backbone and side chain atoms or non-polar through the hydrophobic side chain of 
arginine. 
Based on DMD simulations, we identified binding poses of α1R493’s rotamer buried in 
the knuckle domain pocket of the α1-subunit at the α1β interface. We analyzed the backbone 
dynamics of the knuckle domain by computing the root mean square fluctuations (RMSF) of Cα 
atoms.  We found that the RMSF of the R493 mutant knuckle domain in the α1 subunit are 
increased compared with those of the WT channel (Fig. 2.3b), possibly due to reconfiguration of 
the knuckle domain pocket, in which arginine and tryptophan adopt slightly different geometries.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.  W493 binding pocket in a homology model of αENaC knuckle domain in 
α1βα2γ tetramer. Indole ring of W493 is embedded inside the knuckle domain’s cavity. 
Stabilizing phenylalanines F280 and F503 geometrically confine the pocket. Additional polar 
interactions stabilize the W493’s binding pose like γV322 from the neighboring γ-subunit. W493 
is connected to the pore-lining residue R492 through the peptide chain. 
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Interestingly, α2R493’s structural dynamics appear to be different than WT in the 
opposite α-subunit that forms an interface with the γ-subunit. In contrast, fluctuations are slightly 
decreased in the opposite α2-subunit (Fig. 2.3a) due to stable electrostatic intersubunit 
interactions of α2R493 with neighboring acidic residues such as γE348 and γE346 (Fig. 2.4a). 
Dissimilarity in the backbone dynamics of the α-subunits enhances fluctuations of the γ-
subunit in the palm domain around γE348 (Fig. 2.3c). Altered dynamics in the γ-subunit 
allosterically propagate down the channel through β-sheets in the palm domain to γY369. This 
tyrosine residue has been proposed previously to communicate extracellular signals to the 
transmembrane domain TM2 containing the selectivity filter, the rate-determining structure for 
sodium selectivity and permeation (41). These results show that extracellular fluctuations at 
intersubunit interfaces can allosterically propagate down the channel to the gating region. 
Rewiring of intersubunit interactions mediates αW493R ENaC activation 
 The aspartic acids in the γ-subunit, γE346 and γE348, lie on a β-strand in the palm 
domain that is thought to stabilize the overall fold of ENaC subunits (9-11). In DMD 
simulations, γE346 and γE348 made statistically significant polar interactions with the side-chain 
of α2R493 in the α2-subunit (Fig. 2.4a).  In addition to the di-aspartate moiety, other neighboring 
acidic residues make polar contacts with α2R493 at a lower frequency, ~10%. A histogram from 
time series of the minimum inter-residue distance between α2R493 and γE348 indicates the 
stability of α2R493’s electrostatic interactions with γE348 (Fig. 2.4a). Wild type α2W493 forms 
no significant contacts with γE348, however, α2R493 forms stable electrostatic contacts indicated 
by an average contact distance of ~3 Å (Fig. 2.4a). To verify these interactions, we substituted 
γE348 with an arginine and tested the effect of the electrostatic substitution 
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Figure 2.1.  Structural dynamics modulation in α1βα2γ by W493R gain-of-function. RMSF 
of Cα atoms in the α- and γ-subunits from 9 different 50 ns DMD trajectories, standard error is 
plotted for each residue. RMSF analysis is applied on equilibrated trajectories after discarding 
the first 5 ns. (A) and (B) W493R destabilizes the knuckle domain of the α1-subunit near W493 
site. However, in the α2-subunit, dynamics are slightly stabilized due to electrostatic interactions 
between α2R493 and γE348 at the α2γ interface. (C) Changes in dynamics of the γ-subunit 
propagate along a β-strand and enhance fluctuations of a loop, containing the signaling tyrosine 
Y369, at the extracellular-transmembrane interface that communicates the activation signal (D), 
thus, fluctuations around the gate region containing the selectivity filter increase slightly. 
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γE348R on the function of wild type and αW493R ENaC in Xenopus oocytes heterologous 
expression system. The γE348R substitution cooperated with α2W493R to fully activate the 
channel, indicated by no measurable response to activation by trypsin (Fig. 2.4b). 
The double mutant channel γE348R/αW493R was insensitive to further stimulation by 
trypsin, indicating that the channel reached its maximal level of activity (Fig. 2.4b). These 
findings suggest that intersubunit conformational changes induced by electrostatic interactions 
around the channel pore facilitate opening of the channel independent of the cleavage state of the 
channel. Because our DMD simulations and electrophysiology experiments provided supporting 
evidence for the functional role of electrostatic intersubunit interactions mediating ENaC 
activation, we hypothesized a functional role of the local electric field around α1R493 at the α1β 
intersubunit interface. Therefore, we designed a mutant that neutralizes an acidic patch on the  
extracellular surface of the β-subunit. This mutant neutralizes the acidic charge on 303-QED-305  
by substituting QED to AAA. The QED patch is in direct contact with the knuckle domain of the 
α1-subunit (Fig. 2.4d). We found from our DMD simulations formation of polar contacts by 
hydrogen bonding between the knuckle domain of the α1-subunit and the QED patch in the β-
subunit (Fig. 2.4e). The AAA mutation resulted in a slight inhibition of wild type ENaC. 
Conversely, 303-AAA-305 β, when coexpressed with wild type γ and W493R α, negates 
W493R’s gain-of-function effect by more than 2-fold (Fig. 2.4e). These findings support our 
hypothesis that the gain-of-function effect by W493R is mediated partly by changing 
intersubunit conformational changes, in addition to possibly altering the local electric field at the 
channel pore. 
 
  22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. W493R rewires intersubunit interactions. (A) DMD simulations indicate an 
electrostatic interaction between α2R493 (red) and γE348 that is absent in the WT α2-subunit 
(black). Inter-residue interactions are quantified by a histogram of minimum distance between 
α2R493 and γE348. (B) ENaC currents measured in oocytes injected with cRNA of WT and 
mutant ENaC subunits; basal current is normalized to trypsin-stimulated current to reflect basal 
activation.  Perturbing the electrostatic interaction by the double mutant γE348R/αW493R 
channels shows no measurable population of near-silent channels, shown by lack of activation by 
trypsinization (N=18, p < 0.0001). (C) Cartoon representation of snapshots from DMD 
simulations at the α2γ interface. W493/R493 in the α2-subunit (light grey) and E348 in the γ-
subunit (orange) are shown as sticks, hydrogen bonding between γE348 and α2R493 is shown by 
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red dashed lines. (D) Hydrogen-bond network at the α1β intersubunit interface by the acidic 
patch 303-QED-305 in the β-subunit with the knuckle domain in the α1-subunit. (E) Amiloride-
sensitive current measured in oocytes. Neutralizing the acidic patch by alanine substitutions 
decreases W493R activation by ~2 fold (N=12, p = 0.002). β303-AAA-305 slightly inhibits WT 
ENaC (N=12, p = 0.008).  
Cross-linking the αγ interface at αW493C and γE348C 
 Our molecular dynamics simulations of ENaC tetramer model and electrophysiology 
data suggest an interaction between α2R493 and γE348. To further validate the spatial proximity 
between the two residues, we used cysteine cross-linking. We introduced cysteine substitutions 
at these amino acid positions and applied the thiol-reactive cross-linker M2M to intact oocytes 
that expressed the cysteine mutant channels. We hypothesized that by cross-linking the 
introduced cysteines, αC493 and γC348, we can biochemically resolve the αγ dimer. In 
agreement with our hypothesis, cross-linking αW493C/β/γE348C channels produced a molecular 
species with a molecular weight ~175 kDa that corresponds to the αγ dimer (Fig. 2.6b). This 
result supports our findings from molecular dynamics simulations and electrophysiology data 
that suggest an interaction between αW493R and γE348R in the tetrameric ENaC complex.  
Allosteric propagation of 493R’s asymmetric dynamics in the knuckle domain to γTM2 
Previous molecular dynamics simulations investigating the structural dynamics of ASIC 
homotrimer suggested the importance of an allosteric pathway, in which twisting and vibrational 
motions in the knuckle, finger and thumb domains communicate extracellular signals to the 
channel transmembrane domains (42). We probed this hypothesis using coevolution information 
of residues in the subunits of ion channels in the ENaC/Degenerin family. We used ASIC as a 
reference sequence and structure. Each node in the coevolution network represents a residue and 
each edge is quantified by a mutual information (MI) metric that was calculated by the Mutual 
Information Server to Confer Coevolution (MISTIC) (43). We superimposed the MI edges on 
ASIC structure and found a mutually evolved set of residues that line an allosteric structural path 
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that is similar to the path previously proposed in the allosteric model of activation of ASIC (Fig. 
2.5a).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Superposition of coevolving residues in the ENaC/Degenerin family on cASIC 
structure. (A) Highly coevolving residues in the ENaC/Degenerin family computed from 
Mutual Information Server to Confer Coevolution (MISTIC) (42) superimposed on cASIC 
crystal structure. A spatially connected allosteric path of coevolving residues lines the thumb, 
knuckle, and the transmembrane spanning domain TM2. (B) Zooming in on a specific 
coevolving interaction between K43 and D454, which may stabilize the transmembrane structure 
by polar interactions. Charged residues are colored in blue (positive) and red (negative). 
Cysteines in disulfide bridges are colored black. Hydrophobic residues are colored yellow. 
 
High sequence conservation of residues on this path indicated a conserved allosteric network 
(Table 2.1). The path contains residues in the transmembrane domain TM2, in addition to γY369, 
or W288 in cASIC, that is involved in allosteric signaling by transmitting extracellular signals to 
the transmembrane domain by π-π stacking interactions (26,44). Finally, a subset of that 
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allosteric path is a linear path on the thumb domain, which is in contact with the β-ball and the 
knuckle domains (Fig. 2.5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Cleavage of the γ-subunit does not contribute to the gain-of-function in ENaC 
by αW493R.  (A) (Left) Amiloride-sensitive current measured in oocytes.  Protease-insensitive 
γ135QQQQ138 substitution prevents proteolytic activation by trypsin (N=12, p < 0.00001). 
γ135QQQQ138/αW493R double mutant channels recapitulate the gain-of-function effect 
indicated by >3-fold increase in basal current and insensitivity to trypsinization (N=12, p = 
0.0003). (Right) Western blots of the full-length and cleaved γ-subunit. Lysates from oocytes 
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expressing the α-, β-, and HA-tagged γ- subunits were immunoblotted with anti-HA antibody. 
Marked by arrows, bands of full-length γ-subunit (MW 95 kD) and its cleaved form (MW 77 
kD). Intensities of cleaved WT γENaC are comparable to the γENaC fragment in αW493R 
channels. (B) Cross-linking αW493C and γE348C using the cross-linker M2M at 200 µM. Cross-
linking intact oocytes produced ~175 kDa band that corresponds to the αγ dimer. 
 
 
Moreover, this co-evolution analysis reveals possible allosteric mechanisms of a loss-of-
function mutation in ENaC that is present in pseudohypoaldosteronism (PHA-1) patients. A 
highly conserved motif, HG, is mutated to HS in PHA-1 patients, altering the gating of ENaC, 
possibly by changing the conformational dynamics of the intracellular gate region (45). The HG 
motif, present in all members of the ENaC/Degenerin family, possesses a high number of 
coevolution contacts, in addition to exhibiting a high conservation score (Table 2.1). By 
integrating mutual information from co-evolution and the structure of ASIC, we suggest that the 
allosteric parameters, which enable ENaC/Degenerin family to process extracellular clues, are 
encoded in the global fold of the channels. 
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Figure 2.7. Sequence alignment of interfacial residues in the palm and β-ball domains. 
Alignment of sequences from the palm and β-ball domains of cASIC subunit and the α-, β-, and 
γ-subunits of ENaC indicates variable positions in loops connecting secondary structures. Highly 
conserved sequences are bolded and colored in black and variable positions are colored in blue. 
Highlighted sequences are superimposed on cASIC crystal structure (PDB ID: 2QTS). 
Experimentally tested E348 is marked with an asterisk. 
 
 
From our DMD simulations, we suggest a rewiring in the αW493R mutant inter-residue 
interaction network, mostly mediated by H-bonding and possibly salt-bridges, to propagate from 
the knuckle domain of the α-subunit to the palm domain of the γ-subunit. The palm domain 
extends to a signaling tyrosine, γY369, which is in contact with the transmembrane domain TM2 
that facilitates channel gating (Fig. 2.8a). Dynamics information derived from DMD simulations 
of ENaC heterotetramer suggests an allosteric model for W493R’s gain-of-function effect, in 
which local fluctuations of R493’s rotomeric ensemble drive differential dynamics in the α-
subunits. R493 in the α1-subunit maintains binding poses that are mostly embedded inside the 
knuckle domain cavity. Consequently, the knuckle domain of the α1-subunit in the mutant 
channel is slightly destabilized compared to the dynamics of wild type α1 (Fig. 2.8b). Moreover, 
the electrostatic interactions between α2 and γ stabilize the α2γ interface. We have used 
electrophysiology experiments to test the functional effects of perturbing these intersubunit 
interactions. The proposed model of the structural dynamics induced by W493R supports 
previous findings from structure-function studies that emphasize the contribution of intersubunit 
conformational changes in the extracellular vestibule to the structural and dynamic activation 
determinants of ENaC (41,46). 
 
Discussion 
We propose a structural model of activation of the epithelial sodium channel by the 
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pathological gain-of-function mutation αW493R. By integrating computational and experimental 
approaches, we identified critical intersubunit interactions that mediate allosteric activation of 
the channel. First, we revisit the previously suggested model of activation by αW493R, in which 
proteolytic cleavage in the α-subunit was found not to contribute to the gain-of-function of the 
channel (8). We further expand this model by showing that the gain-of-function by αW493R is 
independent of the cleavage state of the γ-subunit, which is considered the rate-determining step 
of proteolytic activation (9,10). Our structural model of the heterotetramer α1βα2γ of ENaC gives 
atomistic insight into the allosteric determinants that mediate channel activation.  
Table 1. List of residues in cASIC with highest number of coevolution contacts.  
From the MISTIC analysis, the top 5% coevolving residues include highly conserved cysteine 
residues that are involved in disulfide bridges stabilizing the fold of subunits in the 
ENaC/Degenerin family. W288, or Y369 in γENaC, which is crucial for communicating 
allosteric signaling between the extracellular region and the transmembrane domains (20,37), has 
a large number of coevolution contacts, 22. Highly conserved G30 in the HG motif implicated in 
the PHA-1 disease also has a high coevolution contact number, 25, suggesting the structural 
importance of these allosteric sites in mediating the channel function in the ion channel family. A 
coevolution contact is considered significant by the MISTIC according to a MI score >6.5 (43). 
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The stoichiometries of ASICs, ENaCs and other members in the ENaC/Degenerin family have 
been under debate. FMRFamide gated FaNaCh has been shown to assemble as a homotetramer 
(47). Functional approaches suggest tetrameric and trimeric assemblies of different ASIC 
subunits. ASIC1a and ASIC2a can form trimers of flexible stoichiometries 2:1 and 1:2 (48). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Allosteric model of activation of ENaC by αW493R. (A) Path of allosteric 
signaling mapped on a schematic diagram of the α2γ interface. Initiation of activation signal is 
mediated by an electrostatic stabilizing interaction between α2R493 and γE348; the signal is then 
transmitted through a β-strand in the palm domain reaching a signaling loop.  Loop fluctuations 
are predicted to enhance fluctuations in the gate region by γY369 through π-π stacking 
interactions at the palm-transmembrane interface. (B) Top view of intersubunit interfaces. 
Fluctuations in hydrogen bonding network at WT α1β interface (top) are increased at the mutant 
interface (bottom). Structural dynamics at the mutant α2γ interface (bottom) are stabilized by 
electrostatic interactions between γE348 and α2R493 
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However, ASIC1a, ASIC2a and ASIC2b can form heterotetramers (49). Crystal 
structures of ASIC suggest a homotrimeric architecture (9-11). ASIC and ENaC subunits can 
assemble to form hybrid channels with novel functional characteristics (12). In vitro studies 
show heterotrimerization of ENaC (19). Conversely, functional data suggest a heterotetrameric 
configuration α1βα2γ of ENaC. α1βα2γ has been validated from structure-function 
characterization of ENaC oligomers using covalently linked concatemers (21). In addition, a 
heterotetrameric stoichiometry 2α:1β:1γ has been previously determined from epithelial cell 
lysates extracted from rabbit colon epithelial cells and cultured kidney cells (22). It is evident 
that the structural plasticity in the ENaC/Degenerin family facilitates formation of channels with 
diverse functionalities. However, it remains a challenge to reconcile structural data of ENaC 
assembly from in vitro studies with functional data of physiologically relevant oligomeric 
interfaces of the channel. The structural plasticity in the assembly of subunits of ion channels is 
not unique to the ENaC/Degenerin family. The potassium channel KCNQ1 has been crystalized 
as a trimer and as a tetramer (50). The extracellular domain of the ligand-gated ion channel 
LGIC has been crystalized as a pentamer and as a hexamer (51). Similar to ENaC, MscL is a 
mechanosensitive ion channel, which is activated by changes in the elastic energy stored in the 
lipid bilayer (52-54). MscL forms tetramers, pentamers and hexamers (52,55). An elastic model 
of MscL suggests that different oligomeric states can shape the gating energy landscape and 
facilitate the contribution of membrane deformation energetics to the activation of the channel 
(55).  
Rauh et al. have suggested that ENaC gain-of-function by αW493R is mediated partly 
(~40%) by a decrease in sodium self-inhibition of ENaC (8). Self-inhibition is an inhibitory 
response of ENaC to sodium binding to the extracellular acidic surfaces at high sodium 
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concentrations that limits conformational changes that shift the conformational equilibrium of 
the channel towards open states. By releasing inhibitory peptides from the α- and γ- subunits, 
extracellular proteases are thought to relieve the oligomeric complex from inhibitory interactions 
that stabilize the closed state of the channel. In addition, chloride ions inhibit ENaC by binding at 
extracellular intersubunit interfaces (41). Chloride binding, proteolysis, and sodium self-
inhibition seem to induce a common functional perturbation altering the probability of occupying 
the closed state of the channel. Similarly, αW493R activates ENaC by perturbing inter-residue 
interactions that stabilize the closed state of the channel. Rauh et al. substituted αW493 with R, 
K, C and E, and all of these substitutions activated the channel, suggesting the importance of 
αW493 in stabilizing the closed state of the channel (8). We expand this model to include the 
role of αW493R in modulating intersubunit interactions as well as perturbing the dynamics of the 
knuckle domain. Recently, by cross-linking intersubunit interfaces, Gwiazda et al. have shown 
the functional importance of the knuckle domain in ASIC (56). Moreover, active state 
stabilization by electrostatics has been shown in the Erythromelalgia-causing gain-of-function 
mutation Q875E in the voltage-gated sodium channel Nav1.7 (57).  
We have used the functionally validated heteromeric configuration of ENaC as a template 
for building a molecular model of ENaC tetramer. We tested our model using the experimentally 
characterized gain-of-function mutation αW493R. By probing the structural dynamics mediating 
the activation of the channel, our study suggests a dynamics-driven model for the previously 
established functional role of the extracellular domains that participate in sodium and chloride 
binding and undergo proteolytic cleavage. We used DMD simulations to refine and simulate the 
molecular model generated by symmetric docking. Our experimentally supported computational 
approach predicts a functional role of intersubunit structural dynamics mediating the 
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 gain-of-function effect of the disease-causing mutation αW493R. DMD simulations highlight 
the role of electrostatic interactions in modulating the intersubunit fluctuations triggered by the 
knuckle domain dynamics. Moreover, extracellular fluctuations are predicted to propagate 
through β-strands in the palm domain, reaching the signaling tyrosine γY369 that contacts TM2, 
the sodium permeation rate-determining structure (58). We have shown previously that changing 
this tyrosine to a lysine slightly slows down the rate of proteolytic activation (26).  
 
 
 
 
 
 
 
 
 
Figure 2.9. Comparison of tetrameric interfaces with a previously validated trimeric 
interface. (A) Schematic representations of a trimeric interface previously validated by cross-
linking (35) and two previously proposed tetrameric configurations from functional studies of 
covalently linked concatemers (16). Cross-linking data from Collier et al. suggest a trimeric 
clockwise topology of αγβ (35). These data also agree with two coexisting functional tetrameric 
configurations. Intersubunit angles vary slightly between trimer and tetramer models, resulting 
in slightly different interfaces: in clockwise order, αβ, βγ and γα, in addition to two unique 
interfaces to tetramers α1α2 and α1γ. (B) Cartoon representation of α2β and α2γ interfaces in the 
tetramer model α1βα2γ. Shown as sticks, βV85 can cross-link with αK477, and γE455 can cross-
link with αL120. Cross-linkers are represented as red bars.   
 
Proteolytic activation of the channel relieves inhibitory intrasubunit and possibly 
intersubunit interactions. To examine whether this mechanism applies to αW493R’s mode of 
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action, we created an uncleavable mutant of the γ-subunit, and complementary to previous 
findings, we found that αW493R’s mechanism of action is largely independent of proteolysis. 
Furthermore, αR493 is predicted in one α-subunit to interact with γE348. By perturbing this 
interaction by changing E348 to R348, we fully activated αW493R channels and further 
decreased the pool of near-silent channels. We further validated the predicted inter-residue 
interaction by cysteine cross-linking. Interestingly, the examined electrostatic interaction exists 
in the tetramer model and is absent in our ENaC trimer models αβγ and αγβ. We have built 
models for the two possible trimeric configurations of ENaC, αβγ and αγβ, using the crystallized 
homotrimeric topology of ASIC. Intersubunit angles differ slightly between trimeric and 
tetrameric interfaces. However, small differences in intersubunit orientation can rewire some 
inter-residue interactions. The suggested electrostatic intersubunit interaction is predicted to fully 
activate the channel by inducing intersubunit conformational changes that possibly involve 
repulsive forces mimicking how proteolysis relieves inhibitory interactions. In agreement with 
our model, Collier et al. showed that, by increasing the length of intersubunit cross-linkers, 
ENaC was further activated (41). Moreover, Edelheit et al. have shown the functional importance 
of highly conserved charged residues on the extracellular surface of ENaC (59). 
Lack of ENaC structural models for functionally characterized oligomers hinders 
progress in understanding the structural mechanism(s) underlying the activation of the channel. 
What are the structural and dynamic determinants that facilitate channel opening? How do gain- 
and loss-of-function mutations implicated in disease modulate the mechanism of action of the 
channel in processing extracellular and intracellular clues? These questions will remain largely 
unanswered until functional data from electrophysiology experiments can be explained 
mechanistically using experimentally validated structural models of the channel. Relying on 
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experimental methods alone for structural determination of physiologically relevant oligomeric 
species is impractical due to current technical limitations in producing sufficient quantities of the 
different ENaC subunits and ensuring proper physiological conditions for in vitro 
oligomerization. Therefore, combining functional and computational approaches provides an 
alternative tool for building models that generate testable hypotheses regarding mechanisms of 
activation of WT and disease-causing forms of ENaC.  
Plasticity in the structural dynamics of the epithelial sodium channel facilitates the 
functional flexibility to sense and respond to changes in the extracellular milieu. The versatility 
of the channel to process various signals is defined by the three-dimensional structure of its 
highly homologous subunits and their corresponding oligomers. Adapted by evolution, structural 
uniqueness confers functional specificity of signaling moieties such as proteolysis in the finger 
domains of the α- and γ-subunits. Our proposed dynamics-driven model for the gain-of-function 
in ENaC by αW493R highlights the role of the knuckle domain in facilitating activating 
intersubunit conformational changes. Other variants of ENaC implicated in disease, such as 
γL511Q, require further understanding of their molecular mechanisms to build models for 
specific pharmacological targeting. The synergy between our functional findings and structural 
modeling enhances the understanding of the etiology of ENaC mutants.  
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CHAPTER 3: ALLOSTERIC LINKAGE OF CHANNEL GATING TO 
EXTRACELLULAR DOMAINS OF ENAC SUBUNITS
Introduction 
 Members of the ENaC/Degenerin ion channel family share functions that can be tracked 
back to a common ancestor. This ancestral receptor was likely essential to the maintenance of 
electrolyte balance in eukaryotic cells as they adapted to an electrolyte-rich environment (1). The 
ion channels in this family control and regulate the flux of cations entering cells, thus the 
channels control cell volume and electric properties. Maintaining proper cell volume is essential 
for cellular and organismal survival (2). In addition, changes in the flow of ions into the cell can 
change the membrane potential. Therefore, the ENaC/Degenerin ion channel family is crucial to 
electrolyte homeostasis in organs such as the kidney, the lung, and the brain (3). Mutations in 
channel subunits can cause severe electrolyte disorders, such as hereditary hypertension Liddle 
syndrome and neuronal degeneration in C. elegans (1,3-8). Although the channels in the 
ENaC/Degenerin family share considerable homology, each channel has adopted a unique 
biochemical mechanism to regulate its function. 
 The ENaC/Degenerin ion channels share a topology composed of a large multi-domain 
extracellular region, two membrane-spanning domains that contain the selectivity filter, and two 
intracellular cytosolic domains harboring the N- and C- termini of the channel subunits (9-12). In 
addition to conducting cations and exhibiting high sodium selectivity, the pores in the 
ENaC/Degenerin channels can be blocked by the diuretic amiloride. All of the channels contain 
an extracellular Degenerin site that is essential for proper channel function. Remarkably, the 
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domains in the extracellular region sense and process several extracellular clues, such as changes 
in the concentrations of electrolytes, neuropeptides and proteases (13). Although the physical 
characteristics of the pore region and the gating role of the intracellular domains have been 
investigated by extensive biochemical and electrophysiology experiments, it is not known 
mechanistically how the extracellular region regulates channel gating. 
 The lowest homology among the channel subunits resides in the finger domain, 
specifically the hypervariable region (HVR). The HVR has diverged to adopt specific folds that 
enable each channel to sense and respond to specific extracellular signals (10). The HVRs in α- 
and γENaC subunits are partially disordered, and they undergo site-specific channel activation 
by proteolytic cleavage that releases inhibitory peptides (14). Similarly, the HVR in ASIC 
contains sites that are essential for channel activation and neurotransmission (15,16). Because 
perturbations in the finger domains are essential to couple the activation signals to the channel 
gate, we hypothesized that key extracellular residues and inter-residue interactions transduce 
HVR conformational changes to the gate region.  
To investigate our hypothesis, we asked this question: What are the allosteric pathways in 
the extracellular domains that can couple the dynamic state of the finger domain to the channel 
pore? To observe differences in the structural dynamics of the ENaC/Degenerin subunit upon 
sensing an extracellular signal, we simulated the dynamics of structural perturbations in the 
finger domain of α ENaC. We modeled sensing and processing an extracellular clue by 
comparing the structural dynamics of αENaC in its cleaved and uncleaved states. Then, we used 
our previously published structural model of an ENaC heterotetramer to identify the cleavage-
dependent structure-function determinants of ENaC allosteric activation (17). We have combined 
molecular dynamics simulations, chemical modifications of residues substituted by cysteine, and 
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electrophysiology recordings to investigate the structure-function determinants of ENaC 
proteolytic activation. We identified residues in the α subunit that modulate the kinetics of 
proteolytic activation and uncovered allosteric pathways that dynamically link the α ENaC finger 
domain HVR to the channel gate. Our molecular dynamics simulations predict the 
conformational changes and inter-subunit coupling that mediate ENaC activation. In sum, our 
findings explain the structural basis for the remarkable allosteric sensing and processing of 
extracellular activation signals by the ENaC/Degenerin family. 
 
Methods 
 
Discrete molecular dynamics (DMD) simulations  
The starting structure of the ENaC heterotetramer was prepared and minimized as 
described previously (6). Briefly, relaxation and equilibration simulations were performed at a 
low temperature to minimize the potential energy of the system. Seven independent 
DMD trajectories were simulated at temperature T=0.4 DMD reduced units for 106 DMD steps, 
which is approximately equivalent to 50 ns of simulation time. Harmonic constraints were 
applied on all the backbone atoms in the transmembrane helices. A soft potential with a force 
constant of 0.1 kcal mol-1 Å-2 was applied to restrain the motion of the transmembrane helices 
to mimic lipid-protein interactions.   
 
DMD simulation analysis 
To analyze the structural dynamics in the extracellular regions, we obtained the 
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equilibrated structures from each DMD trajectory after discarding the first 25 ns of equilibration. 
To analyze the dynamic coupling between residues in contact, we used in-house scripts to 
calculate the Root Mean Square Fluctuations (RMSF) of Cα atoms and the cross-correlations 
between the Cα fluctuations. A contact between two residues was assigned if the Cα-Cα 
distance between two residues of less than or equal to 7.5 A was maintained for at least half of 
the simulation time for each trajectory. The graph generated G(V, E) is composed of V nodes 
that resemble the Cα coordinates for each residue in the α subunit. The nodes in the graph are 
linked to each other by a set of edges or links E; each edge eij connects a residue pair vij that are 
in contact. Two nodes were considered in contact if the pairwise distance between the two Cα 
atoms was maintained at 7.5 Å for more than half of the simulation time. We obtained the 
absolute value for the cross-correlation values and we averaged them across the different 
trajectories. The average cross-correlation values were used to define the weights for edges 
(E) that connect the nodes or vertices (V) in the contact graph G(V, E) for the construction of the 
Residue Interaction Network (RIN).  
 
Residue interaction network (RIN) analysis 
To identify the loopless optimal paths that connect the cleavage site in the α subunit to 
the wrist domain, we employed the algorithm PathLinker to find the k highest-scoring paths. The 
details of the algorithm are described here (18). Briefly, PathLinker utilizes a modified version of 
Yen’s algorithm that uses the Dijkstra’s algorithm as a subroutine. A heuristic was augmented to 
the Yen’s algorithm to speed up the paths search. Paths were ranked by the amount of flow 
through each path. Flow was defined as a probabilistic measure to predict the likelihood that 
fluctuations will propagate through a certain path from the source node to the target node. Flow 
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Ω! was quantified as the multiplication of all the edge weights on each path, Ω! = 𝑐!,!!!!!!!!!  , 
whereas 𝑐!,!!! is the average cross-correlation value between two consecutive residues  𝑐!, and 𝑐!,!!! on path with index k. For unweighted shortest-path analysis, we used the Pesca application 
in the Cytoscape program to find the tree of paths with the minimal number of edges (19). 
Optimal paths were visualized using PyMOL to identify whether the paths clustered into groups 
on the protein graph. Unweighted shortest paths were visualized using Cytoscape (20). 
Community clustering analysis 
 We clustered the protein structure into communities of interconnected residues using the 
Mapequation method, which utilizes the Infomap algorithm (21). This method samples the 
protein network using random walks. The random walker defines the size of the community and 
the boundaries between communities according to the visit frequency and the number of links or 
edges each residue has with its neighbors. The trajectories of the random walks resemble the 
flow of information in the network (22). We mapped the communities identified by this method 
on the structural model of αENaC. We used the intercommunity boundaries to guide the analysis 
of the paths found by the PathLinker algorithm (18). 
 
Molecular biology 
 cDNAs of α, β, and γ subunits of rat ENaC were cloned into pSDE vectors and 
linearized. Linearized vectors were transcribed in vitro for cRNA synthesis using the SP6 RNA 
polymerase (mMessage mMachine, Ambion, Austin, TX). We used site-directed mutagenesis to 
create αD148C, αN510C, αE557C, αE558C, βQ498C, and γD511C.  
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Electrophysiology recordings 
 Xenopus oocytes were harvested and maintained in 85 mM NaCl, 1 mM KCl, 2.4 mM 
NaHCO3, 0.82 mM MgSO4, 0.41 mM  CaCl2, 0.33 mM Ca(NO3)2, 16.3 mM HEPES, pH 7.4, 
and 10 µM amiloride. Oocytes were injected with 0.3 ng of each cRNA encoding ENaC subunits 
α, β, and γ. Two-electrode voltage clamp recordings were performed 24 hours after injection. 
ENaC currents were recorded using Geneclamp amplifier (Axon Instruments) in a constant 
perfusion system. Oocytes were voltage clamped at -100 mV. Using a Digidata 1200 A/D 
converter (Axon Instruments) and AxoScope software, currents were digitized and recorded. We 
analyzed recorded traces using the pCLAMP software. Recordings were initiated in the presence 
of 10 µM amiloride. Following amiloride wash, basal currents were recorded in frog Ringer’s 
solution (2.5 mM KCl, 2.5 mM CaCl2, 120 mM NaCl, and 10 mM HEPES, pH 7.35) to obtain 
amiloride-sensitive currents INa. Experimental groups of 5-6 oocytes were used, repeated in 2-4 
separate oocytes batches. 
 
Results 
Knuckle-finger inter-domain interactions at ENaC αγ subunit interfaces 
We performed discrete molecular dynamics simulations (DMD) on a heterotetramer 
model of ENaC to catalogue structural changes accompanying ENaC proteolytic cleavage. From 
multiple DMD trajectories, we analyzed the backbone fluctuations of αENaC in the fully cleaved 
and uncleaved states. In different DMD trajectories, we observed cleavage-dependent 
conformational changes. To simulate the complete proteolytic activation of ENaC, we removed 
the inhibitory tracts in the α- and γ-subunits. Cleavages in both α- and γ-subunits are required for 
full activation of ENaC. Thus, we analyzed the structural dynamics at the αγ interface to uncover 
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possible inter-subunit dynamic coupling resulting from release of the cleavage fragments.  
Proteolytic cleavage occurs in the hypervariable region in the finger domains of the α- and the γ-
subunits. Thus, we considered the interacting residues surrounding the cleavage site in the finger 
domains as the sources of signal propagation for proteolytic activation. 
 By analyzing seven independent 50-ns DMD simulations, we found that cleavages in the 
α and γ subunits relax the finger domains of the subunits because the residues flanking the 
cleavage sites fold into a set of thermodynamically favorable conformations (Movie S2). 
Interestingly, we did not find a unique folding path. However, all of the sampled conformations 
converged into an ensemble of structures that were stabilized by H-bonded interactions formed 
by the finger domain of the cleaved subunit (α or γ) and the knuckle domain of the interfacing 
subunit (α, β, or γ). Because ENaC cleavage occurs only in the α- and the γ-subunits, we focused 
on interactions in the αγ interface. We observed interactions that occur subsequent to cleavage 
between the knuckle domain of αENaC and the finger domain of γENaC. As the flanking 
residues in the γ-subunit relax into a folded structure, positively charged residues in the γ-furin 
site, 135RKRR, search for polar residues with which to form stabilizing contacts. Several polar 
residues in the α-knuckle domain, such as αD527 and αE531, form polar contacts with the lysine 
and arginines in the furin site (Fig 3.1a). 
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Figure 3.1. Structural dynamics of proteolytic activation of ENaC heterotetramer.  
(A) Cartoon representation of a representative structure from DMD simulations of cleaved ENaC 
heterotetramer α1βα2γ. Dashed lines represent H-bonds formed between γ furin site RKRR with 
the knuckle domain of the adjacent α-subunit. (B) A schematic model showing the structural 
topology of domains in ENaC subunits. The blue dot indicates the site of cleavage and the source 
of the proteolytic activation signal. The red dot points to the wrist domain where the activation 
signal reaches to trigger opening of the gate. (C) Root mean square fluctuations (RMSF) of Cα 
atoms of αENaC residues in the uncleaved and cleaved states from DMD simulations. Asterisks 
indicate the regions exhibiting statistically significant differences in Cα fluctuations.  
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To quantitate the effect of α- and γ-subunit cleavage on the flexibility and dynamics of    
αENaC, we computed the root mean square fluctuations (RMSF) of the α-subunit. The residues 
flanking the cleavage sites undergo major displacements, up to ~8 Å (Fig 3.1c). The second 
major conformational change occurs in the knuckle domain as described above. As the furin site 
in the γ-subunit folds into a stable ensemble of conformations, the polar residues in the knuckle 
domain of the α-subunit undergo displacements that are quantitated as an increase in the 
backbone RMSF (Fig 3.1a,c). These results suggest that inter-subunit dynamic coupling 
stabilizes intermediate structures that can promote activation of ENaC upon proteolysis. 
Community analysis of αENaC Residue Interaction Network (RIN). 
  To gain insights to possible structural mechanisms of propagating the proteolytic 
activation signal in αENaC, we employed a graph-based approach to find residues that are 
critical for activating ENaC by proteolysis. We built the RINs for αENaC in the cleaved and the 
uncleaved states based on the inter-residue contact frequencies obtained from seven 
independently run 50-ns molecular dynamics trajectories. We assign a contact between a residue 
pair if the inter-atomic distance between the Cα atoms of a residue pair is equal to or less than 
7.5 angstroms during 50% of the simulation time. The graph for RIN, G (V, E), has V number of 
nodes that are in contact and E number of edges. Each edge is weighted by the pairwise cross-
correlation value averaged across multiple DMD trajectories. The nodes in the RIN for 
uncleaved αENaC are shown in Fig (3.2a).  The dynamical differences between the cleaved and 
the uncleaved RINs are discussed in the next section. 
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Figure 3.2. Network analysis reveals communication pathways in αENaC. (A) Each sphere 
corresponds to the Cα coordinates of residues in αENaC homology model. Residues are colored 
according to the community to which they belong. The experimentally tested sites E557 and 
L558 are colored red. (B) Cartoon representation of αENaC. Residues dynamically perturbed 
upon cleavage are represented as dark grey spheres. The cleavage fragment is colored black. (C) 
Network organization of communities of interconnected residues found by the MapEquation 
method. The cleavage sites RSSR and RTAR are labeled in the black module corresponding to 
the finger domain. The residues in panel (A) are colored based on the communities presented in 
panel (C). 
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We used the MapEquation method that utilizes the clustering algorithm Infomap to 
identify communities of inter-connected residues (See Methods). Residues in each community 
are more dynamically coupled to their neighbors than to residues in other communities. The size 
of each community is characterized by the flow of a random walker within the module relative to 
the visit frequencies in the rest of the modules in the network (16). The inter-community link 
resembles how freely information is transferred between adjacent communities. We refer to each 
community based on its total flow ranking.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Cleavage reconfigures the distribution of shortest paths in αENaC. 
(A), (B). Network representation of the Residue Interaction Networks (RINs) of αENaC in 
the uncleaved and the cleaved states, respectively. Residues or nodes in each RIN of α- 
ENaC are represented as circles. Edges connecting nodes represent inter-residue contacts. 
The size of the circle is proportional to the average number of contacts observed in DMD 
trajectories. The transmembrane segment in the pore region (TM2) and the residues 
connecting TM2 to the target residue N563 are colored in light blue. Nodes in the common 
cluster of shortest paths in the cleaved and uncleaved RINs connecting S270 or Y268 to the 
target node N563 in the uncleaved and cleaved RINs, respectively, are colored blue. The 
cluster of shortest paths unique to the cleaved RIN is colored light orange. Residues in the 
furin cleavage recognition site 202-RSSR-205 are labeled black. The experimentally tested 
sites E557 and L558 are colored red. 
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The communities found using the MapEquation method resemble closely the domain 
architecture suggested by the crystal structure of the cASIC (17). The knuckle and the palm 
domains are part of the largest module, community I, with A549 as its hub. The wrist domain is 
shared between community I, and community VI (Fig 3.2a,c). The boundaries between 
communities may facilitate the exchange of dynamical coupling across the network through the 
flow of correlated inter-residue fluctuations.  We use the inter-community linkages as a guide for 
understanding the communication pathways in αENaC.  
Allosteric pathways that can propagate activating fluctuations in αENaC.  
To identify mechanisms of information transfer upon cleavage, we have analyzed two 
information transfer metrics: the spatial distribution of unweighted shortest paths and the flow of 
correlations through paths in the network. From DMD simulations, we observed local 
conformational changes at the cleavage sites of the α- and γ-subunits (Fig 3.1). To find out how 
the observed differences in fluctuations can propagate from the cleavage site to the pore region, 
we analyzed the topological determinants of information transfer for each network. We analyzed 
the distribution of shortest-paths that connect residues that are not in direct contact. We 
hypothesized that the conformational changes accompanying proteolytic cleavage cause a 
reconfiguration of the RIN due to loss and/or gain in inter-residue contacts. To test this 
hypothesis, we aligned the two networks and we found that upon cleavage, the RIN gained and 
lost some contacts or edges. We visualized the RINs using Cytoscape (Fig 3.3). The differences 
in the distribution of contacts in the protein structure are reflected in the network parameters and 
configuration. We used the network analysis algorithm in Cytoscape to compute the network 
parameters in the cleaved and uncleaved RINs. The average path length in the cleaved state was 
8.7, slightly shorter than the characteristic path length 9.2in the uncleaved state. The 
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characteristic path length in a network is a metric of how fast information can be transferred. The 
network analysis results suggest that the cleaved state changes the network configuration 
resulting in a reduced average path length. Consequently, the dynamical perturbations due to 
cleavage may provide more efficient information transfer in the allosteric network of αENaC. 
We used the fluctuation-based cross-correlation data derived from DMD simulations to 
compare the inter-residue dynamical coupling between the cleaved and the uncleaved RINs. We 
used the last 25 ns from DMD trajectories for network analysis. We computed the change in the 
absolute value of the αENaC Cα cross-correlation values upon cleavages in the α- and the γ-
subunits. We used the common nodes and edges in the uncleaved and the cleaved states to map 
the nodes that are most perturbed upon proteolytic activation. Each edge is a correlation metric 
that describes the dynamics of the physicochemical interactions that keep a residue pair in 
contact.  However, since the edge weight is based on the inter-residue dynamic coupling derived 
from the simulations, the uncleaved and cleaved networks can have distinct distributions of 
dynamical coupling. The uncleaved network resembles the closed or inactive state of ENaC. 
Conversely, the dynamical information in the cleaved network reflects the allosteric determinants 
for the open or active state of ENaC heterotetramer. We found that that, as expected, residues 
close to the cleavage site exhibit a significant change in the pairwise cross-correlations, such as 
S270. Similarly, a cluster of residues in the knuckle domain is dynamically perturbed upon 
cleavage (Fig 3.2b). Since S270 has the largest volume of flow of random walks in its 
community, module V calculated using the MapEquation method, we used S270 as the source of 
signal transmission. Based on the crystal structure of the chicken acid sensing ion channel 
(cASIC), the largest conformational change of activation occurs in the wrist domain (18). We 
chose the target node, where the perturbation signal traverses to, to be where the largest  
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Figure 3.4. Allosteric pathways that can propagate activating fluctuations in αENaC. (A) 
(Left) Surface representation of the αENaC subunit. Graph models of shortest pathways 
connecting the cleavage site to the wrist domain. Each shortest path is modeled as a series of 
connected black dots. The shortest paths are a subset of the residue interaction network (RIN). 
Dots represent the Cα atoms of residues lying on the path. Links or edges connecting the residues 
represent the inter-residue coupling ωi,i+1 derived from DMD simulations. The flow of 
fluctuations Ωk of a path with index k is labeled on the protein surface with an arrow indicating 
the directionality of the flow. The line thickness of the links represents the magnitude of the 
inter-residue correlation.  (Right) Cartoon representation of the α-subunit. The cleavage fragment 
is colored black. One clusters of optimals paths are represented on the structural model using 
PyMol. Each residue on the path is indicated by a grey sphere. Edges connecting residues on 
each path are modeled as cylinders. Edges are colored yellow in the optimal paths. The target site 
in the wrist domain is colored orange. (B) A plot of the natural algorithm of flow for the cleaved 
(grey) and uncleaved (blue) networks. The horizontal axis shows the index of each sampled path 
from the PathLinker algorithm. The indices range from 1 to 100,000, so that path with index k=1 
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has the highest flow, and path with index k=100000 has the lowest flow in the top 100,000 paths 
obtained from the PathLinker algorithm. 
conformational changes occur. Therefore, we analyzed paths of dynamically coupled residues 
whose target nodes are at the inter-domain interface between the wrist and the palm domains. 
The flow of correlated dynamics in allosteric paths can relate the inter-residue dynamic 
coupling into a probabilistic measure for the propagation of fluctuations in the protein network. 
We quantitated the flow of correlated fluctuations in paths of dynamically coupled residues in 
each network (See Methods). We obtained the top 100,000 optimal paths in each network using 
the algorithm PathLinker. The algorithm calculates the top-ranking k-paths according to the flow 
of correlations from a source node to a target node. We define each path by two structure-
function descriptors, the residues and communities that the path passes through, and the amount 
of flow of correlated fluctuations through the path. Flow is quantitated as the product of the 
pairwise inter-residue correlations on a path (Fig 3.4a). Therefore, the flow in a path describes 
the probability with which the fluctuations are propagated from the cleavage site to the pore 
region. Considering that cleavage can alter the spatial distribution of inter-residue contacts and 
the magnitude of the pairwise correlations, we hypothesized that the set of optimal paths may 
vary between the cleaved and the uncleaved states. By analyzing the spatial distribution of the 
paths sampled by PathLinker, we found that both the cleaved and uncleaved networks share one 
main cluster of optimal paths (Fig 3.4a). The optimal paths pass through communities V, III, and 
I. Using the path-search algorithm PathLinker, we ranked paths according to flow. While the 
cluster of paths are identical in terms of the communities they pass through, the flow of the top 
100,000 optimal paths is higher in the cleaved state than in the uncleaved state (Fig 3.4b). The 
increase in flow of the ensemble of optimal path upon activation by proteolytic cleavage suggests 
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that the reconfiguration of the is mediated in part by the stabilization of correlated interactions 
along this path. 
 
 
Lower palm domain in αENaC is essential for ENaC proteolytic activation.  
Because we found dynamical differences between the uncleaved and the cleaved 
networks, we hypothesized that there are sites in the αENaC subunit that regulate the structural 
dynamics needed for activating the channel. To uncover dynamically sensitive sites that can 
propagate the activation signal, we used site-directed mutagenesis to substitute residues with 
cysteines and chemically modified these cysteines during electrophysiology recordings. This 
approach enabled us to monitor, in real-time, the effect of site-specific chemical perturbations of 
ENaC subunits on the channel activity. First, we recorded the basal activity of ENaC by 
monitoring the amiloride-sensitive currents. Then we perfused the oocytes expressing cysteine-
substituted ENaC subunits with a cysteine-reactive MTS reagent, such as MTSET (Fig 3.5a). As 
a negative control, we recorded ENaC currents from oocytes expressing wild type (WT) channels 
. As expected, the function of WT channels was insensitive to MTSET perturbation (Fig 3.5c). 
However, MTSET modification of a site in a loop in the lower palm domain (Fig 3.5b), αE557, 
that belongs to the largest community in the protein network (Fig 3.5c) of the α-subunit, αE557, 
elicited a marked inhibition of basal activity (Fig 3.5a). We found similar results for αL558, but 
not for αK556. The observed inhibitory response suggests that αE557 and αL558 may be 
important for the stabilization of a closed state of ENaC.  
To determine whether the MTSET-triggered inhibitory effect is maintained upon 
proteolytic activation of ENaC, we perfused the oocytes with 10 ug/ml chymotrypsin to 
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proteolytically activate the channel. We applied brief protease treatment (30 s) to capture post-
cleavage events that maybe related to the rate-determining conformational changes that are 
required to activate near-silent channels. We have applied a protease inhibitor after 30 s of  
 
 
 
 
 
 
 
 
 
 
 
 
 
ss 
Figure 3.5. Lower palm domain in αENaC stabilizes closed states of ENaC. (A), (C) 
Representative recording traces from whole-cell voltage-clamp experiments. ENaC mediated-
currents were recorded from oocytes expressing WT (C) or αE557C (A). Oocytes were 
perfused with MTSET, followed by brief chymotrypsin stimulation. In αE557C channels, 
MTSET inhibits basal activity, while in WT channels, MTSET has no measurable effect on 
ENaC activity. Chymotrypsin activity was inhibited by applying a protease inhibitor after 30 s 
of chymotrypsin treatment (B) Cartoon representation of the structural model of αENaC 
illustrating the location of αE557 and αL558. The two residues that respond to MTSET 
treatment lie on a loop in the lower palm domain of αENaC (D) A representative recording 
trace WT ENaC that is fully activated by elastase after co-perfusion the oocyte with inhibited 
chymotrypsin, indicating the effectiveness of the protease inhibitor to inhibit ENaC activation 
by chymotrypsin. 
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chymotrypsin perfusion (Fig 3.5a,c). To ensure that the inhibitor effectively prevented further 
chymotrypsin activation of ENaC, we performed a control experiment in which we co-perfused 
chymotrypsin and the protease inhibitor for 2.5 min, followed by treating the oocytes with 
elastase. Because elastase fully activated ENaC after the co-perfusion of chymotrypsin and 
protease inhibitor (Fig 3.5d), we concluded that full proteolytic activation of ENaC could occur 
rapidly <30s. Moreover, the rate of proteolytic activation may reflect post-cleavage events, such 
as the molecular rearrangements that activate the channel. 
We   analyzed the kinetics of proteolytic activation by fitting the recorded trace of 
protease-mediated ENaC current to a single exponential function. We have shown before that the 
rate of exponential decay in recorded ENaC currents is related to the proteolytic susceptibility of 
activation (6). Since, the kinetics of cleavage occur very rapidly, in seconds, we hypothesized 
that changes in the exponential decay rate of ENaC currents   reflects changes in the channel 
conformations that contribute to channel gating. Surprisingly, we found that the MTSET 
treatment slows down the rate of proteolytic activation by ~2-fold (Fig 3.6a). This finding 
suggests that αE557 is dynamically coupled to both the cleavage site and the channel gate. 
Interestingly, this site belong to the ensemble of optimal paths predicted from DMD simulations 
(Fig 3.7b), suggesting that the optimal paths maybe important for the stabilization of near-silent 
channels, which remain mostly closed until an activating cleavage event occurs. The presented 
data suggests that αE557 is critical for propagating rate-determining conformational changes that 
are required for the proteolytic activation of ENaC. 
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The results from DMD simulations and electrophysiology experiments suggested a novel 
functional role for the lower palm domain of the α-subunit in ENaC proteolytic activation. 
Specifically, the loop containing the residues E557 and L558 is functionally critical for ENaC 
proteolytic activation. We tested whether the homologous loops in the β- and the γ- subunits can 
exhibit a similar functional response upon MTSET perturbation. We normalize the time constant 
τ for proteolytic activation that is obtained from the MTSET-treated oocytes to the τ obtained 
from oocytes with no MTSET treatment. We refer to this normalized rate constant as normalized 
Figure 3.6. αENaC regulates the kinetics of proteolytic activation of ENaC.  
(A) A plot of the normalized time constant, τ-MTSET, derived from fitting the protease-
activated current traces to an exponential decay function. The time-constant obtained 
from MTSET-treated experiments is normalized to the τ obtained from the MTSET-
untreated groups. As a negative control, WT groups have a τ-MTSET of 1. αE557C is 
the only group that shows a decrease in the rate of activation or an increase in τ-MTSET 
(p=0003, N=11). (B) Illustration of tested sites in α-, β- and the γ- subunit for the impact 
on the rate of proteolytic activation by MTSET chemical perturbation. The sites are 
labeled on the structural model of αENaC. 
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τ-MTSET. A τ-MTSET of 1 indicates no MTSET effect on proteolytic activation kinetics. 
Interestingly, neither did α/βQ498C/γ nor α/β/γD511C channel was affected by MTSET 
treatment in the whole-cell voltage-clamp experiments (Fig 3.6a). In addition to the loop in the 
lower palm domain of the α-subunit, we have tested additional sites in the palm domain of the α- 
subunit. αD148C/β/γ and αN510C/β/γ channels were irresponsive to MTSET perturbation with a 
τ-MTSET of 1 (Fig 3.6a,b). These data suggest that amongst all the tested sites in the α-, β-, and 
γ-subunits, αE557 and αL558 are the only sites that are responsive to MTSET treatment. The rate 
of proteolytic activation is halved for both αE557 and αL558 upon dynamical perturbation of the 
tested sites. 
 
Discussion 
 
We propose here a structural model for the activation of ENaC by proteolytic cleavage in 
the α and the γ subunits. We identify key allosteric pathways and residues that facilitate the 
propagation of proteolytic events to the channel gate. We used a combination of computational 
and experimental approaches to uncover key structure-function determinants for ENaC 
proteolytic activation. By simulating the molecular dynamics of the ENaC heterotetramer α1βα2γ 
in the cleaved and the uncleaved states, we built residue interaction networks to identify 
allosteric pathways that link the cleavage state of ENaC to the gate region of the channel. We 
substituted amino acid residues with cysteine and used thiol modification agents to identify 
among the substituted residues those that modulate the rate-determining conformational changes 
of channel activation. By integrating the predictions from molecular dynamics simulations and 
the experimental results from electrophysiology recordings, we derived a mechanism for ENaC 
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proteolytic activation. Our model specifies that the lower palm domain of the α-subunit of ENaC 
is critical for propagating the proteolysis-triggered conformational changes to the gate region. To 
our knowledge, this work presents the first evidence for the role of the lower palm domain of α- 
ENaC in modulating the kinetics of channel gating.  
The ENaC/Degenerin ion channel family utilizes remarkable allosteric machinery that 
enables the receptors to sense specific changes in the environment, such as the release of 
neuropeptides in the extracellular milieu (1). The extracellular domains of the subunits in the 
family members have evolved to possess unique dynamic properties that facilitate the 
transduction of the activation signals into conformational changes and flow of fluctuations in the 
protein network. An explanation for the mechanisms of processing the activation signals in the 
ENaC/Degenerin family has been difficult to derive due to limited structural data (1,25). The x-
ray structures of the chicken acid sensing ion channel (cASIC) in multiple functional states have 
provided a platform for further structure-function studies of the allosteric mechanisms that 
regulate the function of the ENaC/Degenerin ion channels (10-12,15,26-28). Previous 
computational work predicted mechanistic models that describe the inter-domain motions in 
ASIC subunits resulting from extracellular proton binding. Particular residues in the ASIC palm 
domain have been found to modulate the kinetics of desensitization upon stimulation by proton 
binding. Other investigators have used cysteine mutagenesis and chemical modification to 
identify functionally important extracellular sites (15). We used a similar approach that 
combined computational and experimental strategies to define a structural basis for the allosteric 
activation of ENaC by proteolytic cleavage. We used a graph-based approach to analyze the 
allosteric pathways that are derived from inter-residue dynamic couplings obtained from 
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molecular dynamics simulations. We related the changes in the structural dynamics of ENaC 
upon proteolytic cleavage to the kinetics of proteolytic activation.  
 
 To determine the structure-function determinants of allosteric activation of ENaC, we 
analyzed the differences in dynamics in the allosteric networks of αENaC upon cleavage. 
Network analysis of protein structures using graph-based approaches can give insight to 
allosteric sites and mechanisms that can regulate and diversify protein function. Recently, 
engineering studies of mechanically coupled networks have used allostery-inspired approaches to 
find strategies to create new functionalities in networks (29). Several structure-function network 
parameters have been previously used to characterize information flow in networks. Shortest-
path analysis has been instrumental in understanding the mechanisms of long-range 
communications in allosteric systems such as ligand-activated proteins (30). Del sol et al. used 
shortest path analysis of protein structures from several protein families (31). The investigators 
found that residues that maintain the connectivity in protein networks are conserved. Our 
network analysis of structures of αENaC in the uncleaved and cleaved states revealed a decrease 
in the average shortest path length in the αENaC network. Changes in the average shortest path 
length suggest a rewiring in the paths that can communicate the activation signal to the channel 
pore region.  
The intersubunit conformational changes induced by proteolytic activation of ENaC 
cause changes in the intrasubunit dynamics of αENaC. To explain the altered inter-residue 
interactions upon cleavage, we analyzed the inter-residue dynamic coupling in paths that connect 
the cleavage site to the pore region. A set of dominant paths spanning the β-ball, knuckle, and 
palm domains exhibited higher inter-residue correlations upon cleavage. Del sol et al. have 
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suggested that the dynamical properties that regulate the allosteric networks of ligand-activated 
proteins are tuned by an ensemble of pre-existing pathways (30). Our results from analyzing the 
flow of correlated fluctuations in the allosteric network of αENaC further support this 
conformational ensemble model. 
Consistent with previous work by Berman et al. (32), our molecular dynamics 
simulations predict formation of stabilizing inter-residue contacts between the knuckle domain of 
the α-subunit and the finger domain of the γ-subunit. The positively charged residues at the γ- 
cleavage site, RKRR, undergo conformational changes upon cleavage and form H-bonds with 
the acidic residues in the knuckle domain. Interestingly, similar polar contacts form between the 
knuckle domains and the finger domains of additional inter-subunit interfaces, such as α-β, γ-α . 
We have found that perturbations in the knuckle domain dynamics are important for the 
activation of ENaC, and disease-associated substitutions in the α-subunit knuckle domain result 
in changes in the inter-subunit structural dynamics of ENaC (17). Here, we identified a loop in 
the lower palm domain of αENaC to be critical in linking the cleavage site to the channel gate. 
Interestingly, the homologous residue in the β- and the γ-subunits did not exhibit a functional 
response upon MTSET perturbations. These results suggest the lower palm domain in αENaC 
may have unique dynamic properties to regulate ENaC gating. Moreover, lack of inhibition 
response in the β- and γ-subunits may indicate the asymmetric nature of the structural dynamics 
in ENaC subunits. 
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 In summary, we present an allosteric model of ENaC proteolytic activation. To identify 
critical residues that regulate the kinetics of proteolytic activation of ENaC, we combined 
computational modeling with two-electrode voltage-clamp electrophysiology recordings of 
chemically modified channels. We found mechanisms with which the allosteric network in α- 
ENaC can be dynamically perturbed by proteolytic cleavage. This work explains the 
conformational transitions and interactions that allow ENaC to cross the thermodynamic barriers 
to conduct sodium. The changes in structural dynamics by cleavage perturb the dynamic 
coupling in the residue interaction networks. The slow kinetics of ENaC proteolytic activation 
point to the remarkable allosteric machinery required for the channel function. Future studies 
should address the conformational transitions that result from specific cleavage events. How 
dynamically and functionally reactive is the protein network to perturbations by single cleavage 
events? What is the extent of asymmetry in dynamics in the different ENaC subunits, α, β and γ? 
Fluctuations in allosteric networks can be a driving force to allow for conformational transitions 
that activate ion channels in the ENaC/Degenerin family. Our work advances the structural and 
dynamic understanding of the microscopic variables that tune the kinetics of the conformational 
transitions required to activate ion channels in the ENaC/Degenerin family. 
            
Figure 3.7.  An allosteric model of proteolytic activation of ENaC.   
(A) A schematic model of the allosteric activation of ENaC by cleavages in the α- and γ-
subunits. The cleaved peptides are shown as light brown curved lines. The double-headed 
arrows colored creamy-brown resemble the intersubunit coupling at the αγ intersubunit 
interface. The red arrows refer to the direction of signal propagation from the cleavage site 
to the channel gate. αE557 is indicated by the grey circle on the red arrow in the α-subunit 
(B) Surface representation of the αγ dimer. The highest-ranked allosteric path is drawn on 
the model colored wheat.  A file of black-filled circles represent sodium permeation 
pathway through ENaC pore. 
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